
ORIGINAL ARTICLE

Near-infrared light-responsive shape-memory
poly(e-caprolactone) films that actuate in
physiological temperature range

Qinghui Shou1,2, Koichiro Uto2, Masanobu Iwanaga3, Mitsuhiro Ebara2 and Takao Aoyagi1,2

Near-infrared (NIR) light-responsive shape-memory films were prepared through the photo-initiated polymerization

of poly(e-caprolactone) (PCL) macromonomers with acryloyl terminal groups in the presence of gold nanorods (AuNRs).

To incorporate the AuNRs homogenously within the films, the surfaces of AuNRs were also modified with PCL via

surface-initiated ring-opening polymerization. The shape-switching temperature of PCL was adjusted in the physiological

temperature range by controlling the melting temperature of PCL. Exposure to NIR light successfully induced the photothermal

heating of embedded AuNRs and, consequently, the shape-switching transition. After NIR irradiation at higher-power densities,

the film completely recovered its original shape. When exposed to lower-power densities, a local temperature increase was

observed in the area where the beam hit. Therefore, local shape memory transformations were obtained. These results show the

potential of gold nanorod-embedded PCL films as spatially controllable, shape-memory materials that actuate in physiologically

relevant temperature ranges and from remote stimuli.
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INTRODUCTION

Shape-memory polymers (SMPs), which have the ability to return
from a deformed state to their original shape after receiving an
external stimulus, have drawn much attention during fundamental
research into practical applications.1 SMPs possess several advantages
compared with shape-memory alloys due to the large deformation
ability, low cost, environmentally friendly processing, and potential
biocompatibility and biodegradability. These advantages are especially
significant for biomedical applications, such as minimally invasive
implants.1,2 Among the SMPs, thermally induced SMPs are the most
extensively investigated group of SMPs.3 They are thermoplastic
elastomers or thermosets that are programmed by mechanically
deforming the shape of a polymer at a temperature that exceeds its
glass transition temperature (Tg) or melting temperature (Tm). This
deformed shape (or temporary shape) can be fixed when the material
is cooled below the Tg or Tm. If the polymer chains are chemically or
physically cross-linked, the material returns to its original shape
(or permanent shape) by heating it above the Tg or Tm. During
this process, an increase in entropy serves as the driving force for the
material to recover its initial shape. Therefore, the use of Tm as the
triggering switch is more favorable because the enthalpy change of

the solid–liquid phase transition is much larger than that of
a glass–rubber transition.
We have been developing a thermally induced SMP switch with

a Tm at a biologically relevant temperature using cross-linked
poly(e-caprolactone) (PCL).4 PCL is an important biocompatible
and biodegradable synthetic polymer and has been approved for
biomedical applications by the US Food and Drug Administration.5

Lendlein et al.6 developed shape-memory biodegradable sutures using
oligomeric PCL. Rodriguez et al.7 reported miscible blends
comprising linear PCL and chemically cross-linked PCL networks.
The blends demonstrate unique shape-memory-assisted self-healing,
which is the material’s ability to close local microscopic cracks
and heal those cracks by bonding between the cracked surfaces.
Neuss et al.8 developed shape-memory tissue-engineering scaffolds
using a cross-linked PCL dimethacrylate network. We have recently
demonstrated PCL cell culture surfaces with shape-memory
nanopatterns.4 The direction of the aligned cells on the
nanopatterns can be turned to a perpendicular direction via the
shape-memory activation of the nanopatterns that transition from a
temporary pattern to the original, permanent pattern by heating
to 37 1C.9 We have also envisioned applications of this surface
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shape-memory phenomenon in the areas of microfluidic control
systems that actuate at biologically relevant temperatures, such as
pumps and valves.10

Although thermal activation is advantageous because it allows
penetration through materials, the local and remote activation of the
shape-memory effect is appealing when considering biological appli-
cations. To achieve this goal, researchers have focused on the
photothermal effect of metal nanoparticles or photochromic dyes.11,12

The photothermal effect is a phenomenon produced by the
photoexcitation of a material, resulting in the production of
thermal energy.13 Of these materials, gold nanoparticles have been
widely employed in numerous biomedical applications, including
hyperthermia therapy and biological sensing, due to their
biocompatibility.14,15 Cylindrical gold nanorods (AuNRs) have
become a new and exciting target due to their biocompatibility,
optical properties and photothermal effects.16 One of the advantages
is that the surface plasmon resonance (SPR) extinction of AuNRs in
the near-infrared (NIR) region (650–900 nm) provides opportunities
for NIR photoabsorption and scattering, in which region there is very
limited absorption for most biological tissues, including hemoglobin
and water.17 There have been several reports on remote-controllable
SMPs using AuNRs.18,19 For example, Hribar et al.18 recently reported
on NIR light-induced temperature transitions in the shape-memory
composites of biodegradable poly(b-amino ester)s and AuNRs. The
heating can change the network from a glassy to a rubbery system
(Tg: 44–53 1C) and change the polymer from a temporary shape to its
permanent shape.
In the present work, NIR-responsive shape-memory films

were developed through the photo-initiated polymerization of PCL
macromonomers with acryloyl terminal groups in the presence of
AuNRs. The surfaces of the AuNRs were also modified with PCL
through surface-initiated ring-opening polymerization (SI-ROP) to
incorporate the AuNRs homogenously within the films. The shape-
memory-switching temperatures of the PCL films were successfully
adjusted to near-body temperature while retaining a sharp transition
over a narrow temperature range. Finally, the local and remote
activation of shape-memory effects were demonstrated by irradiating
with NIR light over a limited area.

EXPERIMENTAL PROCEDURE

Materials
Gold (III) chloride trihydrate, cetyltrimethyl ammonium bromide (CTAB),

sodium borohydride (NaBH4), silver nitrate, L-ascorbic acid and

2,2-dimethoxy-2-phenylacetophenone (DMPA) as a photo initiator, were

purchased from Sigma-Aldrich (St Louis, MO, USA). 4-Mercaptophenol was

purchased from Tokyo Chemical Industry (Tokyo, Japan). e-Caprolactone was
purchased from Tokyo Chemical Industry and purified by distillation over

calcium hydride under reduced pressure. Tetrahydrofuran (THF), acetone,

methanol and other organic solvents used in this work were purchased from

Wako Pure Chemical Industries (Osaka, Japan). Milli-Q purified water (Merck,

Millipore, MA, USA) was used in all experiments. Unless otherwise stated, all

of the chemicals were used as received.

Measurements
Ultraviolet–visible–NIR absorption experiments were performed using a

UV/Vis/NIR spectrophotometer (V-7200 Jasco, Tokyo, Japan). To measure

the absorption of the samples, reflectance mode was utilized and transformed

to absorption mode. Transmission electron microscopy (TEM) images were

obtained on a JEM-2100F (JEOL, Tokyo, Japan). Phosphotungstic acid hydrate

was used as the negative staining agent. The particle size distributions were

obtained by measuring more than 50 particles from the corresponding

transmission electron micrographs using SmileView software (JEOL, Tokyo,

Japan). To prepare thin films for TEM observation, a xylene solution of PCL

and PCL-modified AuNRs was prepared by vortex mixing and ultrasonication,

and held for 2 h to form a homogenous solution. A TEM grid with a thin

carbon film coating was fixed on the sample holder of a spin-coating machine.

After that, 5ml of the sample was dropped onto the copper TEM grid, and spin

coating was immediately performed to disperse the liquid sample (speed:

8000 r.p.m.; acceleration time: 1 s; spin time: 60 s). 1HNMR (300MHz, JEOL,

Tokyo, Japan) was used for the characterization of the polymers and nanorods.

CDCl3 was used as the solvent. To avoid peak broadening of the thiol-

protected gold nanoparticles, iodine was used to cleave the Au–S covalent

bond.20 The melting temperature was measured using differential scanning

calorimetry (DSC 6100, Seiko Instruments, Chiba, Japan) at a programming

rate of 5 1C per min. The degree of crystallinity was calculated based on the

equation w ¼ DHm

DH0
m
�100 % . DHm is the melting enthalpy of the samples used

in this work. DH0
m is the melting enthalpy of full crystalline PCL

(139.5 J g�1).21 The successful surface grafting of PCL on the AuNRs was

evaluated via weight loss during thermogravimetric analysis as a function of

temperature (TGA, EXSTAR6000 TG/DTA, SII Nanotechnology, Tokyo,

Japan). The surface temperatures of the samples were measured using an

infrared camera (FLIR System Japan K.K., Tokyo, Japan).

Preparation of PCL-modified AuNRs via SI-ROP
First, AuNRs were synthesized using a seed-mediated growth method.22,23

Briefly, spherical gold nanoparticles (3nm) were used as the seeds, and CTAB

was used as a capping agent to direct the anisotropic growth of the gold

clusters to form cylindrical-shaped AuNRs. Then, hydroxyl groups were

introduced to the surfaces of the AuNRs using the reported method.23

Briefly, 4-mercaptophenol (2.5 g) in 30ml of THF was added to the aqueous

AuNRs solution. After 12h, the 4-mercaptophenol-modified AuNRs were

separated by rinsing with THF and by centrifugation several times. Finally,

SI-ROP of e-caprolactone was carried out using 4-mercaptophenol-modified

AuNRs as an initiator. Briefly, AuNRs (10mg) were placed in a round-bottom

flask and dried under reduced pressure, and 20ml of e-caprolactone and a

catalytic amount of tin hexanoate was then injected into the flask. The mixture

was reacted at 60 1C for 24h under a nitrogen atmosphere. After the SI-ROP

reaction, 20ml of THF was added to the above solution. After centrifugation at

a speed of 3500 r.p.m., the precipitated AuNRs, which were not well modified

by PCL, were removed, and the supernatant was poured into a large amount of

diethyl ether and hexane (volume ratio¼ 1:1). The precipitate was rinsed

several times with diethyl ether and hexane. Finally, the precipitate was dried

under vacuum and stored in a desiccator.

Preparation of AuNR-embedded PCL films
The gold nanorod-embedded shape-memory PCL films were prepared by

cross-linking two- and four-branched PCL (2b- and 4b-PCL) with acrylate

end-groups in the presence of AuNRs. Briefly, 2b- and 4b-PCL were

synthesized using a ring-opening polymerization that was initiated by

tetramethyleneglycol and pentaerythritol, respectively.4 Acryloyl chloride was

then reacted with the ends of the branched chains. The average degrees of

polymerization of each branch on the 2b- and 4b-PCL were 20 and 10,

respectively. The obtained PCL macromonomers were dissolved in xylene

containing DMPA (15 wt%) and PCL-modified AuNRs at varying

concentrations. The solution was injected between glass slides with a 0.2-

mm Teflon spacer. The PCL macromonomers were cured at 30 1C for 3 h

under ultraviolet light irradiation (wavelength 365 nm, 2mWcm�2). In this

study, four different films with 50/50 or 70/30 wt% of 2b-/4b-PCL and 0.3–0.4

or 2.4–2.5 wt% of AuNRs were prepared. They are abbreviated as 50/50 PCL-

low, 50/50 PCL-high, 70/30 PCL-low and 70/30 PCL-high.

NIR light-responsive shape-recovery performance
The shape-memory performance was evaluated in the order listed below. First,

the PCL film (3mm by 1.2 cm) was heated to 40 1C (above Tm) and elongated

to the predetermined strain of 100%, and the temperature was then cooled to

4 1C (below the crystallization temperature, Tc) for 10min to fix the applied

strain while maintaining the tensile strain. The films were then irradiated with

805 nm NIR at varying power densities between 0.4 and 1Wcm�2 at a
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Figure 1 (a) Synthesis of poly(e-caprolactone) (PCL)-modified gold nanorods (AuNRs) via surface-initiated ring-opening polymerization. (b) Preparation of

AuNR-embedded PCL films through cross-linking of two- and four-branch PCL macromonomers in the presence of PCL-modified AuNRs. A full color version

of this figure is available at Polymer Journal online.
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Figure 2 Characterizations of the poly(e-caprolactone) (PCL)-modified gold nanorods (AuNRs). 1HNMR spectra of AuNRs after (a) a ligand-exchange reaction

with 4-mercaptophenol and (b) modification with PCL. (c) A transmission electron microscopy (TEM) image of PCL-modified AuNRs. The inset image

shows PCL-modified AuNRs. (d) The thermogravimetric-differential thermal analysis (TG-DTA) curves for AuNRs after a ligand-exchange reaction with

4-mercaptophenol and modification with PCL. A full color version of this figure is available at Polymer Journal online.
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constant beam diameter of 5.6mm. The surface temperatures of the film

samples were measured using an infrared thermal imaging camera during the

irradiation with NIR light.

RESULTS AND DISCUSSION

Figure 1 shows the procedure to synthesize gold nanorod-embedded
PCL films. In this study, to adjust the shape-memory-switching
temperatures to values near-body temperature, two- and four-
branched PCL macromonomers with acryloyl terminal group were
cross-linked according to our previous work.24 In general,
incorporating rigid segments or blending with other components
are the most studied methods to decrease the Tm of PCL.1,25 However,
the incorporation of non-PCL components usually hinders the
crystallization and diminishes the melting enthalpies (DHm).
Therefore, we adjusted the Tm of PCL by tailoring the
nanoarchitectures of the PCL macromonomers in this study.
We prepared two different films with 50/50 and 70/30 wt% of

2b- and 4b-PCL macromonomers. The films were fabricated via the
photo-initiated polymerization of the PCL macromonomers in xylene
in the presence of AuNRs. AuNRs are usually produced by the simple
seed-mediated approach, and CTAB is used as a surfactant to produce
a high yield of monodisperse nanorods.26 Because the stability of the
CTAB-capped AuNRs is known to be poor in nonpolar solvents and
because the irreversible aggregation of AuNRs occurs in xylene, the
surfaces of the AuNRs were also modified with PCL using the

‘grafting from’ method to incorporate the nanorods homogenously
within the films (Figure 2a). First, hydroxyl groups were introduced
onto the surface of the AuNRs to replace CTAB by mixing
4-mercaptophenol and AuNRs in THF. Then, PCL was grown on
the surface of AuNRs using SI-ROP. Figure 2a shows the 1HNMR
spectra of AuNRs decorated with 4-mercaptophenol. By comparing
the integral area of the terminal methyl of the alkyl chain (d¼ 0.88)
and the protons in the benzene ring (d¼ 7.33, 7.36), approxi-
mately 66.7% of the CTAB was successfully exchanged with
4-mercaptophenol.
To characterize the molecular weight of the PCL grafted on the

surface of AuNRs, iodine was used to cleave the Au–S covalent
bonding. The molecular weight was calculated from the integration
area of the methylene proton adjacent to the terminal hydroxyl
group (d¼ 3.64) and the protons close to the ester bond
(-CH2CH2CH2CH2CH2O-, d¼ 4.05, italicized) (Figure 2b). A degree
of polymerization of 41 was obtained. Figure 2c shows a TEM image
of PCL-modified AuNRs. The average size of the AuNRs was
43.0±3.7 nm (length) and 11.0±1.0 nm (width), based on the
TEM images. The visualization of the nanorods was achieved through
negative staining with phosphotungstic aid, which was necessary
because the polymer has insufficient electron density to be directly
observed by TEM. The polymer appears as a light color layer
surrounding the nanorods. The PCL-modified AuNRs shown in the

Figure 3 UV–Vis–NIR spectra of poly(e-caprolactone) (PCL)-modified AuNRs

embedded in 50/50 (black line) and 70/30 (gray line) PCL films with high

(solid) and low (dotted) concentrations of nanorods.

Figure 5 Heating profiles for 70/30 poly(e-caprolactone) (PCL) films with

0.3 wt% of gold nanorods (AuNRs) under different near-infrared (NIR) laser

intensities (805 nm); 0.4 (square), 0.6 (circle), 0.7 (triangle), 1.0 W cm�2

(inverted triangle).

Figure 4 Differential scanning calorimeter (DSC) curves for (a) 50/50 and (b) 70/30 poly(e-caprolactone) (PCL) films without (solid) and with high (solid) or

low (dotted) concentrations of nanorods.
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inset of (Figure 2c) have a homogeneous, slight pink color. The
successful modification of the PCL on the nanorod surfaces was also
confirmed by TGA (Figure 2d). It was found that below 200 1C, the
weight loss of the PCL-modified AuNRs is 5%, while the weight loss
of 4-mercaptophenol-modified AuNRs was approximately 1%, indi-
cating that there is only limited water in both samples. Between 200
and 500 1C, the weight loss of PCL-modified AuNRs is 90%, while the
weight loss of 4-mercaptophenol-modified AuNRs is 14%. Therefore,
the successful surface modification of gold AuNRs by PCL was
realized.
Next, we evaluated the effects of the surface modification on the

stability or dispersity of AuNRs within the films. The dispersion of
nanoparticles in polymer films has been an interesting topic,
considering the significance of creating a homogenous nanocompo-
site.27–30 UV–Vis–NIR spectroscopy is one of the best tools to
monitor nanorod stability because the aggregation state of the
nanorods affects their optical properties.29,31 Due to the anisotropic
shape of the nanorods, they display two separate SPR bands
corresponding to their width and length, known as the transverse
surface plasmon resonance (TSPR) and longitudinal surface plasmon
resonance (LSPR), respectively. In general, a decrease in the peak
absorption of LSPR can be observed when the particles aggregate.
Supplementary Figure S1 in the supporting information shows the
localized SPR absorption of freshly prepared CTAB-capped AuNRs in
aqueous solution (solid line). Both TSPR and LSPR peaks can be

clearly observed because the CTAB-capped AuNRs are well dispersed
in aqueous solutions. A significant decrease in the LSPR is, however,
observed for PCL-modified AuNRs in THF, which is a good solvent
for PCL (dotted line). This behavior indicates an aggregation of
AuNRs.
Figure 3 shows UV–Vis–NIR spectra of PCL-modified AuNRs

embedded in PCL films. Both 50/50 and 70/30 PCL with the higher
concentrations of nanorods (solid line) show strong peak adsorptions
for TSPR and LSPR, although the peak adsorptions were not
significant when the concentration of AuNRs was low (dotted line).
This behavior indicates that AuNRs were uniformly embedded in the
PCL films. When unmodified AuNRs were used, only one peak in the
visible region was obtained (solid line in Supplementary Figure S2 in
the supporting information). These results clearly indicate that the
surface modification of the AuNRs with PCL is important for
improving the stability of the particles within the PCL film.
In addition, the dispersity of the AuNRs within the films was

studied using TEM. PCL 2b20 without acryloyl groups was mixed
with PCL-modified AuNRs, and the image of a thin film composed of
PCL 2b20 and PCL-AuNR (4 wt% and 0.16 wt% in xylene solution,
respectively) is shown in Supplementary Figure S3 (in the supporting
information). With the exception of a few aggregates (composed of
several nanorods), most of the AuNRs can be dispersed well in PCL
2b20 thin films. This result agrees well with the evidence from the
UV–Vis–NIR spectroscopy. To the best of our knowledge, several

Figure 6 Images of the near-infrared (NIR) light-induced shape transitions of 70/30 poly(e-caprolactone) (PCL) films with 0.3 wt% of gold nanorods

(AuNRs). All the films were first heated to 40 1C (above Tm) and elongated to the predetermined strain of 100%. The temperature was then cooled to 4 1C

(below Tc) for 10 min to fix the applied strain while preserving the tensile strain. The film without AuNRs were irradiated with 805-nm NIR at power density

of 0.4 W cm�2 for a total of 10 s (a). The films with 0.3 wt% of AuNRs were irradiated with 805-nm NIR at power density of 0.4 W cm�2 (b) and 1 W cm�2

(c) for a total of 10 s of irradiation time. The infrared (IR) thermal images of the films after 10 s of NIR irradiation are also shown in the bottom images.
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factors, such as the molecular weights of the polymers grafted on the
nanorod surfaces and the molecular weight of matrix polymer, would
influence the miscibility of AuNRs.27 Additionally, the varying
curvature with the aspect ratios of the AuNRs makes the properties
more interesting and complex.32 A systematic study of the miscibility
between the two components from a morphological viewpoint will be
attempted in the future.
The thermal properties of PCL are also important from both a

fundamental and technological perspective. In this study, we prepared
cross-linked PCL films with two different Tm by optimizing the
mixing ratios of the 2b- and 4b-PCL macromonomers. According to
our previous report, increasing the 4b-PCL content leads to a near
linear decrease in Tm and endothermic enthalpy change.24 In
Figures 4a and b, the cross-linked PCL films with 2b/4b ratios of
50/50 and 70/30 show a sharp transition over the Tm from
approximately 30–33 and 37–40 1C, respectively. The degrees of
crystallinity of all of the samples are listed in Supplementary Table
S1 (in the supporting information). Importantly, the transition
temperature did not change very much after the incorporation of
the AuNRs. This observation is different from other reports. In
general, nanoparticle incorporation results in the loss of crystallinity
and a reduction in Tm.

19 It is plausible that the surface modification
of the nanorods with PCL contributed to the prevention of the loss of
crystallization in the PCL films.
To examine the heating potential of the films, samples were held

within a beam of NIR light (805 nm). Figure 5 depicts a temperature
increase with time for the 70/30 PCL film with 0.3 wt% (low
concentration) of AuNRs under different laser intensities. The
samples showed a sharp increase in the temperature during the first
10 s of irradiation before reaching a plateau. Higher intensity
irradiation (1.0Wcm�2) results in a higher final equilibrium
temperature (T¼ 39.7 1C) compared with that attained with a lower
excitation intensity (0.4Wcm�2, T¼ 32.0 1C). Essentially, only small
changes in temperature were observed for the samples that did not
contain AuNRs (data not shown). These results indicate precise
control over the sample heating through changes in the light intensity.
The AuNR concentration also affects the heating profiles. However,
we chose the lower concentration (0.3 wt%) of AuNRs for the
following shape-memory experiments because this heat dissipation
should be capable of producing rapid and complete shape-memory
transformations in the physiological temperature range.
Finally, we examined the NIR light-induced shape-memory effect

using a 70/30 PCL film with 0.3 wt% of AuNRs. The films were first
heated to 40 1C (above Tm) and elongated to the predetermined strain
of 100%. The temperature was then cooled to 4 1C (below Tc) for
10min to fix the applied strain while preserving the tensile strain. The
films were irradiated with 805-nm NIR at power densities of 0.4 and
1Wcm�2, for a total of 10 s of irradiation time (Figure 6). The
bottom images in Figure 6 show the IR thermal images of the films
after 10 s irradiation. PCL films without AuNRs showed negligible
recovery because the polymer absorbs minimally at the excitation
wavelength (Figure 6a). When a beam with a power density of
0.4Wcm�2 impinged on an area of the PCL film with AuNRs, a
shape change in the corresponding area was observed (Figure 6b).
The IR thermal image also shows a temperature increase in the
corresponding area.
The shape-memory transition was induced even though the

observed temperature of the irradiated area was approximately
32 1C, which is lower than Tm. This result occurs because the thermal
camera measures IR radiation from objects and estimates the surface
temperatures. Therefore, the temperature inside the film could be

higher than Tm. When exposed to 1Wcm�2 of NIR light, the film
heated quickly to near-40 1C and changed back to its permanent,
rectangular shape due to the heat dissipation to the entire film
(Figure 6c). These results show the ability of the embedded AuNRs to
heat a PCL film above its Tm and the spatial control of the shape in
the physiological temperature range. We believe that this new remote
NIR light-responsive PCL film may be a promising candidate for
diverse applications, especially biomaterial development and basic cell
biology.

CONCLUSIONS

In summary, NIR light-responsive shape-memory films were success-
fully prepared through the cross-linking of PCL macromonomers in
the presence of AuNRs. First, the surface of AuNRs was modified with
PCL through SI-ROP. This enabled the uniform incorporation of
AuNRs into PCL film without hindering the crystallization of PCL.
The shape-switching temperature was also adjusted in the physiolo-
gical temperature range by controlling the melting temperature of
PCL. Exposure to NIR light could successfully induce the photo-
thermal heating of embedded AuNRs and, consequently, the shape-
switching transition. Upon NIR irradiation, the film completely
recovered its original shape. Local shape-memory transformation
was also obtained when the limited area was exposed to light. These
results show the potential ability of the AuNRs embedded PCL film as
a remote and spatial controllable shape-memory material that
actuates in physiologically relevant temperature ranges. This material
is highly attractive for a wide range of applications, including safe and
efficient transdermal SMP activation.
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